Introduction
The human body is continuously exposed to a great variety of xenobiotics via food, drugs, occupation and environment. Evolution has equipped the body with a plethora of protecting systems to defend itself against the potentially harmful effects of these compounds. One of the important and clinically relevant defense mechanisms include the active extrusion of xenobiotics by commonly shared transport proteins, mainly located in kidney, liver and intestine. The ATP-binding cassette (ABC) superfamily of transporters consist of a large number of functionally diverse transmembrane proteins which have been subdivided into seven families designated A through G (1) (2) (3) (4) . Members of this transport superfamily display high amino acid similarity of the 200 amino acids surrounding the ATP-binding folds. Approximately 1,100 ABC transporters are known at this time. Traffic ATPases and P-glycoproteins (PgPs) are other names used for this family. The family includes bacterial transporters, the cystic fibrosis transmembrane conductance regulator, the Plasmodium falciparum drug-resistance gene, and genes apparently involved in peptide transport during antigen presentation.
In humans, members of this family serve a variety of physiological roles in transmembrane transport and cell signalling, many of which are associated with disease phenotypes such as multidrug resistance, cystic fibrosis, Tangier disease, adrenoleukodystrophy and Zellwegers' syndrome (1, 2, 4) . The available outline of the human genome contains 48 ABC genes (5); 16 of these have a known function and 14 are associated with a defined human disease (6) . ABC transporters that pump cytotoxic drugs from the cell are also present in microorganisms, and this is one of the main mechanisms by which pathogenic species can resist antibiotic treatment. The human family of ABC transporters includes at least 48 members with 7 subfamilies (4). They facilitate unidirectional translocation of chemically diverse substrates including amino acids, lipids, inorganic ions, peptides, saccharides, metals, drugs, and proteins. Energy derived from the hydrolysis of ATP is used to transport the substrate across the membrane against a concentration gradient (7). These transporters are present in almost all tissues and cell types in different amounts. A typical ABC transporter is characterized by the presence of three peptide motifs: Walker A and B sequences and the so-called ABC-signature sequence ("ALSGGQ") (1, 8) . Most ABC proteins from eukaryotes encode full transporters, consisting of two ATP-binding domains and 12 membrane-spanning regions or half transporters, which are presumed to dimerize (9) . The MRP family contains at least nine members (MRP1-9, ABCC1-6 and ABCC10-12, respectively) with sizes from 1,325 to 1,545 amino acids. This probably completes the family, as there are no other putative MRP genes among the 52 human ABC transporter genes. ABCC7 (CFTR) is a chloride channel, and channels are not transporters. ABCC8 and 9 (SUR1 and 2), the sulfonylurea receptors, are the ATPsensing subunits of a complex potassium channel and are not known to transport any substrates. The MRPs, CFTR, and the SURs are considered to evolve from a common ancestor, and these proteins are now grouped together in the C branch of the ABC transporter family. This paper highlights the pharmacological roles of MRPs and their implications in drug development.
Topology of MRPs
PgP/MDR1 consists of 1,276 to 1,280 amino acids with a molecular mass of 170 kDa. The commonly accepted model for the topologic structure of PgP has a tandemly duplicated structure, with each half of the molecule contains a nucleotide-binding domain (NBD) and reveals six predicted and highly hydrophobic transmembrane regions (4) . The N-and C-termini, as well as the NBDs, are located intracellularly, and the first extracellular loop is N-glycosylated. Both NBDs are essential for proper functioning of the protein. Each consists of two core consensus motifs referred to as the Walker A and B motifs and a S signature of ABC transporters (10) . These motifs generally are found in a wide range of ATPases, and they are involved directly in the binding and hydrolysis of nucleotides. Structures of bacterial ABC transporter proteins suggest that the two NBDs form a common binding site where the energy of ATP is harvested to promote efflux through a pore that is delineated by the transmembrane helice (11) . The two half molecules are separated by a highly charged "linker region" which is phosphorylated at several sites by protein kinase C. Different topologic orientations of PgP have been reported, and several studies have indicated that conformational changes in the structure of PgP are involved in the mechanism of substrate efflux (12) .
Like PgP, MRPs belong to ABC transporter superfamily. All MRP members have 2 hydrophobic transmembrane domains (TMD1 and TMD2) and 2 cytoplasmic NBDs ( Figure 1 ) (13) . The NBDs are responsible for the ATP binding/hydrolysis that drives drug transport, and their structure is conserved independently of the degree of primary-sequence homology (14) . The TMDs contain the drug-binding sites that are likely located in a flexible internal chamber that is sufficiently large to accommodate different drugs. MRPs can be categorized according to the presence or absence of a third (NH 2 -terminal) membrane-spanning domain (TMD 0 ) in their structure ( Figure 1 ) (15) (16) (17) . This topological feature can be found in MRP1, MRP2, MRP3, MRP6, and MRP7, while it is not possessed by MRP4, MRP5, MRP8, and MRP9 (18) (19) (20) (21) . TMD 0 is not essential for catalytic function or intracellular routing; the function of this domain is unknown (22) . MRPs with this structural feature have the ability to transport conjugates, while MRPs without it are able to transport cyclic nucleotides. Long MRPs share an L 0 segment ( Figure 1 ) with a highly conserved sequence near its N terminus. This sequence is also present near the N terminus of the short MRPs. It is essential for function and appears to associate with the membrane.
Substrate specificity, resistance profiles and inhibitor selectivity of MRPs
The first member of MRP family, MRP1 (ABCC1), was found in 1992 in lung cancer cell line conferring resistance to doxorubicin which was not related to PgP (23) . The genes encoding MRP1 and PgP are evolutionarily very distant, and the primary structure of the two proteins is quite dissimilar, sharing only 15 percent amino acid identity (23) . Most of the sequence similarity between MRP1 and PgP is found within the nucleotide-binding domains that generally are conserved among members of the ABC superfamily (24) . MRP1 is larger than other full-length ABC proteins, containing approximately 250 additional amino acids in its NH 2 -terminal. Thus, in addition to the 12 transmembrane segments characterizing PgP, MRP1 has five transmembrane domains. MRP1 is nearly present in all major tissues and in all peripheral blood cell types (25, 26) . The expression levels of MRP1 are different in various organs and cell lines (27) (28) (29) (30) . Natural product drugs such as vincristine, etoposide and doxorubicin are substrates for MRP1 (31) . Although MRP1 and PgP have some identical substrates, they show difference in the substrate specificity. PgP can transport drugs in original form, while MRP1 can transport glutathione (GSH), oxidized GSH (GSSG), as well as a number of GSH, glucuronate and sulfate conjugates of drugs ( Figure 2 ) (31) (32) (33) . Additionally, MRP1 has several physiologic substrates, such as 17-β-D-estradiol-glucuronide (E 2 17βG), the GSH-conjugated cysteinyl leukotriene C 4 (LTC 4 ), sulfated bile acids, prostaglandin (PG) A GSH conjugates, and unconjugated bilirubin (34) (35) (36) (37) (38) (39) . The high affinity for LTC 4 is a specific feature of MRP1, which may contribute to the distinguished role of MRP1 in immune responses associated with cellular excretion of LTC 4 (40, 41) . In contrast, PgP shows poor resistance to these conjugated organic anions (32) . Moreover, significant species difference in the substrate specificity of MRP1 has been noted.
Substrates of MRP1 also include neutral and basic cytotoxic compounds without conjugation with GSH or other anionic drugs (42, 43) . However, intracellular GSH is needed when MRP1 transports these chemicals (44, 45) . GSH concentrations increase in some organs of mrp MRP1-mediated transport of LTC 4 , the combination of them becomes the potent inhibitor of MRP1-mediated transport of LTC 4 (50) .
Human MRP1 confers resistance to anthracycline drugs, while Mrp1 from other species do not (54, 55) . Unlike PgP, however, MRP1 appears to cause resistance to some heavy metal ions, including arsenite and antimonials (56, 57) , which is consistent with the extensive homology of MRP1 with the Leishmania arsenite transporter-encoding gene (ltpgpA) and the yeast cadmium factor gene (ycf1). In addition to alkaloid cytotoxic drugs, MRP1 is resistant to methotrexate (MTX), ZD1694 and GW1843 (58, 59) . The topoisomerase I inhibitors, camptothecin derivative, CPT-11 (irinotecan), and its active metabolite, SN-38 in unconjugated and conjugated forms are also actively effluxed out of cells by MRP1 (60) . MRP1 confers resistance to doxorubicin, vincristine, etoposide, and mitoxantrone (61, 62) . MRP1 substrates also include conjugates of thiotepa, cyclophosphamide, chlorambucil, and melphalan (61, 63, 64) . The resistance capability of MRP1 to melphalan can be increased by co-upregulation of glutathione S-transferases or the GSH biosynthetic enzyme, γ-glutamylcysteine synthetase (63, 64) .
MRP1 also confers resistance to arsenic in association with GSH (56) . The ability of MRP1 to cause arsenite resistance in transfected or selected cellsand the overexpression of MRP1 in cells selected for arsenite (56) has raised the question of whether MRP1 might be responsible for the arsenite resistance of patients treated with arsenite for acute promyelocytic leukemia. However, that the Mrp1 −/− mouse is not hypersensitive to arsenite (65) , which suggests that MRP1 is not a critical factor in the cellular defense against arsenite. This could be due to the rapid excretion of the complexes of arsenite and methylarsenite with GSH into bile (66) .
MRP1 transports the protease inhibitors, ritonavir and saquinavir (67) (68) (69) , the antiandrogen drug flutamide and its metabolite hydroxyflutamide (70) , and the GSH conjugates of ethacrynic acid (a diuretic) (71) . In addition, the radiopharmaceuticals 99m Tc-Sestamibi, Tc-Tetrofosmin, and the gadolinium chelate B22956/1 are substrates of MRP1 (72) (73) (74) . Such compounds are used in clinical functional imaging studies and recently they may be used for in vivo imaging of hepatobiliary transport function.
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is also a substrate of MRP1 (53) . Notably, the NNAL-Oglucuronide transport by MRP1 requires physiological concentrations of GSH (53) . NNAL is a lung cancer inducer. MRP1 and murine Mrp1 are normally located in intracellular vesicles of undefined nature and in the basolateral membrane of epithelial membranes. Hence, MRP1 secretes drugs into the body, rather than moving them out of the body as PgP or MRP2 do. This makes MRP1 a system of cellular defense rather than one of total organism defense like Mdr1 PgP and MRP2, which eliminate drugs from the body. The importance of this cellular function is highlighted by the fact that mice lacking Mrp1 are hypersensitive to etoposide (65, 80) , whereas an increased sensitivity to vincristine is uncovered in the TKO mice (triple knockout mice in which the disrupted Mrp1 alleles are combined with disruptions of the two drug-transporting PgP (ABCB1) genes, Mdr1a and Mdr1b) (80) . In mice, loss of Mrp1 is associated only with increased sensitivity to epipodophyllotoxins (e.g. etoposide) and Vinca alkaloids (e.g. vincristine), the drugs also most affected by the absence of Mrp1 in Mrp1 −/− embryonic stem cells (65) . Knockout mice without mrp1 have a decreased response to inflammatory stimuli, increased levels of GSH, and increased sensitivity to etoposide but are otherwise healthy and fertile (41, 65) .
A variety of inhibitors of MRP1 have been identified, but their specificity as yes to be determined. Some general inhibitors of organic anion transport including probenecid, sulfinpyrazone and indomethacin are able to inhibit MRP1 (81) (82) (83) . The inhibitors of PgP such as verapamil, quercetin, genistein and cyclosporine can also suppress the transport activity of MRP1 (84) (85) (86) (87) (88) . Other PgP and MRP1 dual inhibitors include the dihydropyridine PAK-104P (89), the polyhydroxylated sterol acetate agosterol A (90), steroid analogs (91, 92) , and imidazothiazole derivatives (93) . The MRP1 inhibiting bioflavonoids, such as genistein, quercetin, biochanin A, and kaempferol, can also decrease the intracellular GSH levels (85) (86) (87) (88) . The non-nucleoside reverse transcriptase inhibitors (delavirdine, efavirenz, and nevirapine), nucleoside reverse transcriptase inhibitors (abacavir, emtricitabine, and lamivudine), and tenofovir as a nonnucleotide reverse transcriptase inhibitor also inhibited MRP1 in vitro (94) .
There are some inhibitors specific to MRP family members. For example, the LTD 4 receptor antagonist, MK571, is a GSH conjugate inhibiting both MRP1 and MRP2 (95) . Different to MK571 in structure, the peptide leukotriene receptor antagonist ONO-1078, has also been demonstrated to reduce LTC 4 -efflux in lung tumor cells by blocking MRP1 function (96) . The sulphonylurea, glibenclamide also shows inhibitory activity to both MRP1 and MRP2 (97) . In addition, several highly specific ad potent MRP1 inhibitors have been identified. These include tricyclic isoxazole derivatives such as LY475776 and LY402913 (98) (99) (100) . It has been reported that some antisense oligonucleotides are also able to inhibit MRP1 activity by reducing MRP1 mRNA levels and the protein synthesis (101) (102) (103) . For instance, some antisense oligonucleotides reduce the expression level of the MRP1 protein by 46% and its mRNA level by 76% (103) . ISIS 7597, an antisense oligonucleotide, is able to quickly decrease intracellular MRP1 mRNA levels by up to 90% at a low concentration (0.5 μM) (101) .
MRP2 (ABCC2) is also known as the canalicular multispecific organic anion transporter (cMOAT). The amino acids of MRP2 have 49% identity with MRP1 (104) . Human MRP2 maps to chromosome 10q23-24 and consists of 32 exons spanning 65 kb (105) . The location of MRP2 is unique, as it is present on the apical plasma membranes of polarized cells such as hepatocytes, pneumocytes, kidney proximal tubules, and specialized cells in the intestine and brain (106, 107) , while other MRPs are all located on basolateral membrane of polarized cells. Based on its localization and substrate specificity, it is proposed that the primary physiological function of MRP2 is to export amphiphilic organic anions and xenobiotics into bile and into the lumen of excretory organs (108) .
Like MRP1, MRP2 transfected cells are resistant to etoposide, vinca alkaloids, anthracyclines, camptothecins, CPT-11 and MTX (59, (109) (110) (111) . The substrates of MPR1 and MRP2 have similarity with regard to the transport of GSH and glucuronate, and sulfate conjugates, but there are some important differences. The affinity of MRP2 to GSH conjugates is less than that of MRP1 (112, 113) . For instance, the affinity to MRP2 for both LTC 4 and N-ethylmaleimide glutathione is found to be significantly lower than that of MRP1 (83) , whereas bilirubin mono-and bis-glucuronides have higher affinity for MRP2 (106, 114) . MRP2 is distinct from MRP1 with the ability to confer resistance to cisplatin (109) (110) (111) , probably in the presence of GSH (48) . Cisplatin resistance in MRP2-overexpressing cells is thus abrogated by MRP2 antisense cDNA. GSH itself appears to be a relatively low affinity substrate for MRP2 (115) , but the co-transport of GSH with MRP2 substrate is similar to that observed for MRP1 (113, 116) .
MRP2 transports an array of conjugated endogenous metabolites. In addition to LTC 4 , GSH, GSSG, and bilirubin conjugates, MRP2 is able to transport LTD 4 , LTE 4 , and the glucuronide conjugates of estrodiol and triiodo-L -thyronine (112) . The substrates of MRP2 also include the glucuronide conjugates of grepafloxacin, diclofenac and acetaminophen (112, 117, 118) . Moreover, sulfated MRP2 substrates include taurolithocholate sulfate and taurochenodeoxycholate sulfate, but not estrone 3-sulfate (119, 120) .
MRP2 also transport ampicillin, ceftriaxone, pravastatin, temocaprilat, grepafloxacin and BQ-123 (119, 121) . Olmesartan, a novel angiotensin II blocker, is a substrate of MRP2 (122) . A previous study reported that the biliary excretion of olmesartan is mediated by Mrp2 based on low biliary excretion in Eisai hyperbilirubinemic rats (EHBR), which are inherited mrp2-deficient rats, compared with Sprague-Dawley rats (123) . Moreover, the HIV protease inhibitors saquinavir, lopinavir, ritonavir and indinavir are MRP2 substrates (124, 125) . Similar to MRP1, MRP2 can transport 99m Tclabeled compounds used in functional imaging studies (126) .
Interestingly, MRP2 shows its ability to transport certain carcinogens and other toxicants as conjugates or as unconjugated organic anions. For example, MRP2 can transport the tobacco carcinogen NNAL, and in contrast to MRP1, GSH is not needed (53) . MRP2 is also capable of transporting the GSH conjugate of (+)-anti-benzo[a]pyrene-7,8-diol-9,10-epoxide, the active metabolite of benzo[a]pyrene (127) . Other toxicants as substrates of MRP2 include arsenite, cadmium and α-naphthylisothiocyanate with the need of GSH (128, 129) . This suggests a role of MRP2 in chemoprotection in the body.
Many inhibitors of MRP2 have been established, and most of which do not have high selectivity to MRP2. For instance, MK571 can also inhibit MRP1 and MRP3. The organic anions have different inhibitory effects on MRP2. For example, probenecid and furosemide inhibit, whereas under certain conditions, sulfinpyrazone, penicillin G, and indomethacin considerably stimulated MRP2 transport activity (83) . However, all these compounds inhibit MRP1-ATPase capability. MRP1 may be a more potent transporter of GSH conjugates and free GSH than MRP2, but several anions are preferred substrates for MRP2. This may indicate different modulation selectivity on MRP1 or MRP2 in drug resistant cancer cells (83) . The MPR2-mediated transport of known substrate E 2 17βG can be blocked by bile acids and certain amphipathic anions (130, 131) . The antisense cDNA expression is also used to block the drug resistance capability of MRP2 (132) . The non-nucleoside reverse transcriptase inhibitors (delavirdine, efavirenz, and nevirapine), nucleoside reverse transcriptase inhibitors (abacavir, emtricitabine, and lamivudine), and tenofovir as a nonnucleotide reverse transcriptase inhibitor also inhibited MRP2 in vitro (94) .
Among the MRP family, MRP3 has the highest amino acid sequence resemblance (58%) with MRP1 (133) . Less is known about this protein than either MRP1 or MRP2. Although most closely related to MRP1 and MRP2, MRP3 has its own particular pattern of tissue localisation and substrate specificity. MRP3 mRNA is mainly detected in small intestine, pancreas, colon, placenta, and adrenal gland, while lower levels are found in liver, brain, kidney and prostate (134) (135) (136) . MRP3 is mainly localized in the basolateral membrane of polarized cells such as cholangiocytes, hepatocytes an enterocytes (130) .
MRP3 confers resistance to a much narrower spectrum of anticancer drugs compared to MRP1 and MRP2, and the drugs are limited to vincristine, methotrexate, epipodophyllotins (etoposide and teniposide) (137, 138) . MRP3-mediated transport of etoposide is inhibited by some organic anion transport inhibitors, but is not influenced by the reduction of intracellular GSH level. MRP3 is also involved in the transport of E 2 17βG, LTC 4 , dinitrophenyl S-glutathione, acetaminophen glucuronide, but not GSH and etoposide glucuronide (139, 140) . Both etoposide and MTX can block the MRP3-mediated transport of E 2 17βG (141). Unlike MRP1 and MRP2, MRP3 has a higher affinity to glucuronate conjugates than to GSH conjugates (142) . Furthermore, the resistance capacity of MRP3 to etoposide and vincristine is much lower than that of MRP1. However, MRP3 shows poor resistance to some natural product drugs, such as anthracyclines and Taxol (138) . MRP3 is present in cancer cell lines from many tissues, but initial studies on MRP3 in a panel of drugresistant cancer cell lines did not turn up any association between MRP3 levels and drug resistance (143) . However, there was a strong correlation between MRP3 and doxorubicin resistance in lung cancer lines (144) .
In contrast to MRP1 and MRP2, MRP3 has a greater capacity to transport glucuronate conjugates than GSH conjugates, and it can not increase GSH efflux in transfected cells (145) . MRP3 also transports monovalent bile salts such as cholate, glycocholate and taurocholate which are not substrates for MRP1 and MRP2 (138, 146) . Conversely, the conjugated cholate 3-O-glucronide, taurochenodeoxycholate 3-sulfae and taurolithocholate-3-sulfte are substrates for all three MRP proteins (139) . Thus, MRP3 may have a role in enterohepatic circulation of bile salts and it is considered to function as a backup detoxifying pathway for hepatocytes when normal canalicular route is damaged by cholestatic diseases and the function of MRP1 and MRP2 is impaired (147) (148) (149) . The non-nucleoside reverse transcriptase inhibitors (delavirdine, efavirenz, and nevirapine), nucleoside reverse transcriptase inhibitors (emtricitabine, and lamivudine), and tenofovir as a nonnucleotide reverse transcriptase inhibitor also inhibited MRP3 in vitro (94) .
MRP4 (ABCC4) has particular tissue expression profile, drug resistance selectivity, and substrate and inhibitor specificity, in comparison with other MRPs. Although MRP4 mRNA is present in most organs, MRP4 protein is mainly detected in the kidneys (134) . MRP4 is a lipophilic anion pump capable of transporting some physiological and endogenous compounds. These include cyclic adenosine monophosphate (cAMP) and cyclic guanosine monophosphate (cGMP), GSH (150), and folate (151) (152) (153) . MRP4 is also able to mediate the uptake of PGE 1 and PGE 2 , while MRP1, MRP2, MRP3, and MPR5 can not transport PGE 1 and PGE 2 (154, 155) .
MRP4 is able to transport several endogenous organic anions and steroid conjugates, including E 2 17βG (35, 36, 139) , and dehydroepiandrosterone-3-sulfate (DHEAS) which is the major circulating steroid made in the adrenal gland in humans (156) . The affinity of MRP4 for E 2 17βG is similar to that of MRP3, while lower than that of MRP1 and MRP2 (35, 36, 139) . No transport of DHEAS by MRP2 or MRP3 is found (156) . MRP4 mediates ATP-dependent co-transport of GSH or S-methyl-glutathione together with cholyltaurine, cholylglycine, or cholate (157) . A recent study has identified conjugated bile acids, especially sulfated derivatives, as substrates of MRP4 (156) . Bile acids, like the steroid E 2 17βG, contain a cholesterol backbone structure and may thus represent physiological substrates of MRP4. GSH plays an important role in the function of MRP4, as MRP4 transports many of its substrates in a GSH-dependent manner and depletion of intracellular GSH by the GSH synthesis inhibitor, DL-buthionine-(S,R)-sulphoximine, blocks the MRP4-mediated export of cAMP and abolishes resistance to nucleoside analogues (150) . MRP4 participates in the hepatic basolateral excretion of sulfate conjugates (158) .
A variety of nucleoside (purine and pyrimidine) analogues are found to be substrates for MRP4. These include ganciclovir (159), azidiothymidine monophosphate (160), 9-(2-phosphonylmethoxyethy l)adenine (PMEA) (160, 161) , bis(pivaloxymethyl)-9-(2-phosphonylmethoxyethyl)adenine, a lipophilic ester prodrug) (162), 6-mercaptopurine, and 6-thioguanine (151) . ATP-dependent uptake of the acyclic nucleotide phosphonates, adefovir and tenofovir but not cidofovir, was observed only in the membrane vesicles expressing MRP4 (163) . The kidney accumulation of adefovir and tenofovir was significantly greater in Mrp4 knockout mice (130 versus 66 and 191 vs 87 pmol/g tissue, respectively); thus, the renal luminal efflux clearance was estimated to be 37 and 46%, respectively, of the control (163) . There was no change in the kinetic parameters of cidofovir in Mrp4 knockout mice. There was no difference in the fraction of mono-and diphosphorylated forms of adefovir in the kidney between wild-type and Mrp4 knockout mice (163) . These findings indicate that MRP4 is involved in the renal luminal efflux of both adefovir and tenofovir, but it makes only a limited contribution to the urinary excretion of cidofovir. MRP4 is also an efflux pump for urate, the purine end metabolite (164) and thioxanthosine monophosphate and thioinosine monophosphate (both thiopurine metabolites) (165) . Moreover, MRP4 transports the anticancer agents topotecan (166) , leucovorin (152) , and MTX (137, 152, 161) . Topotecan is a semi-synthetic, watersoluble derivative of camptothecin, a cytotoxic plant alkaloid isolated from the Chinese tree Camptotheca acuminata (167) . It is used as a second-line treatment for patients with ovarian carcinoma. Moreover, MRP4 can mediate the efflux of the glutathione conjugate of monochlorobimane, a bimane that forms fluorescent adduct with thiols (168) .
A variety of inhibitors for MRP4 have been identified. Like MRP1 and MRP2, MRP4 is also inhibited by the leukotriene antagonist MK571 (151, 153) . The cellular efflux of cGMP by both MRP4 and MRP5 is inhibited by PGA1 and PGE1, the steroid progesterone and the anticancer drug estramustine (a combination of estrogen and mechlorethamine) (169) . PGA1 inhibited the ATPdependent efflux of MTX, another MRP4 substrate (152, 170) . PGF1α, PGF2α, PGA1, and thromboxane B2 are high-affinity inhibitors (therefore presumably substrates) of MRP4-mediated transport of PGE1 and PGE2 (171) . The MRP4-mediated transport of PGE1 and PGE2 is also inhibited by rofecoxib and celecoxib (both COX-2-specific inhibitors), and diclofenac (171) . Sulfinpyrazone is a potent inhibitor (IC 50 = 420 μM) of PMEA efflux in MRP4-overexpressing HEK293 cells (171) . MTX can inhibit the MRP4-mediated transport of E 2 17βG (151). Glucuronide and glutathione conjugates can also inhibit MRP4-mediated transport of MTX (152, 153) . The MRP4-mediated transport of E 2 17βG is blocked in the presence of estradiol 3,17-disulphate, taurolithocholate 3-sulphate (156), or topotecan (166) . The MRP4-mediated transport of bimane-glutathione is totally inhibited in the presence of carbonylcyanide m-chlorophenylhydrasone (an uncoupler of oxidative phosphorylation) and significant inhibition is also observed with known inhibitors of MRP transporters including benzbromarone, verapamil, indomethacin, MTX, and 6-TG (168) . Such transport is also inhibited by 1-chloro-2,4-dinitrobenzene (CDNB) which is metabolized to the glutathione conjugate after entry into cells.
MRP4 may be regulated at transcriptional, translational and posttranslational level. Its expression is substantially increased in livers of mice with disruption of the farnesyl/bile acid nuclear receptor, which have increased levels of serum and hepatocellular bile acids, and MRP4 can be further upregulated by cholic acid feeding (172) . The constitutively active nuclear receptor (CAR) is required to coordinately upregulate hepatic expression of MRP4 and an enzyme known to sulfate hydroxy-bile acids and steroids (Sult2a1) (173) . CAR activators increased MRP4 and Sult2a1 expression in primary human hepatocytes and HepG2, a human liver cell line. Sult2a1 was down-regulated in MRP4-null mice, further indicating an inter-relation between MRP4 and Sult2a1 gene expression. Based on the hydrophilic nature of sulfated bile acids and MRP4's capability to transport sulfated steroids, these findings suggest that MRP4 and Sult2a1 participate in an integrated pathway mediating elimination of sulfated steroid and bileacid metabolites from the liver. In addition, a recent study in infected human macrophages indicates that azidiothymidine treatment induces MRP4 mRNA (174) .
Analysis of tissue RNA suggests that MRP5 is ubiquitously expressed. The highest levels are found in skeletal muscle and brain (143) . In comparison with MRP1-3, MRP5 (ABCC5) has its particular drug resistance selectivity and shows no resistance to natural anticancer compounds or MTX. MRP5 and MRP4 share only 36% amino acids identity, and their substrate specificity is similar. Both MRP4 and MRP5 are able to mediate the Mg ++ /ATP-dependent transport of cGMP and cAMP. MRP4 has a higher affinity for cAMP than that of MRP5, while MRP5 has a higher affinity for cGMP that of MRP4 (151) . Like MRP4, MRP5 is capable to transporting purine derivatives including PMEA and 6-mercaptopurine (175, 176) . However, MRP4 is also able to transport some substrates of MRP1-3, such as E 2 17βG and MTX (137) . MRP5 is able to transport S- (2,4-dinitrophenyl) glutathione which is inhibited by typical organic anion transport inhibitors, including sulfinpyrazone and benzbromarone (175) . However, most glutathione and glucuronate conjugates are not substrates of MRP5. Notably, MRP5 shows resistance to heavy metals including cadmium chloride and potassium antimonyl tartrate (176) . MRP5 can be modulated by general organic anion transport inhibitors, including probenecid, sulfinpyrazone, benzbromarone, and MK571 (171) . Like MRP4, there are no specific inhibitors of MRP5.
The physiological functions and possible role in drug resistance of MRP4 and 5 remain to be defined. Obviously, the discovery that these pumps can transport cyclic nucleotides, notably cGMP, has raised the question of whether MRP4/5 can affect the signal transduction role of cGMP by removing it from the cell, which would supplement the degradation by phosphodiesterases. There is also evidence for an extracellular signaling role for cGMP in kidney and several other tissues, and MRP4/5 might be involved. No human disease has been associated with alterations in MRP5, and the Mrp5 KO mouse, generated by Wijnholds et al. (175) , has no obvious phenotype. It is possible, however, that the overlapping substrate specificities of MRP5 and MRP4 (and possibly MRP8 and 9) may hide the physiological function of Mrp5, e.g., in cyclic nucleotide transport, and that the breeding of mice lacking all these transporters may lead to an understanding of the physiological function of each of them.
Human MRP6 is most closely related to MRP1 and MRP2 with 45% and 43% amino acid identity, respectively. The highest levels of MRP6 mRNA and protein expression are detected in kidney and liver while low levels are found in most other tissues such as skin and retina (177) (178) (179) . MRP6 is located on the basolateral membranes in hepatocytes and kidney proximal tubules (180) . Overexpression of MRP6 does lead to weak resistance to chemotherapeutic drugs (181) . Rat Mrp6 transported the cyclic cyclopentapeptide endothelin-1 receptor antagonist BQ123, although endothelin-1 itself is not a substrate of Mrp6 (182) . However, rat Mrp6 did not transport glucuronide, sulfate and GSH conjugates, hydrophobic drugs, PGs or aminophospholipids (182) . More recently, MRP6 was found to transport glutathione conjugates, such as LTC 4 , N-ethylmaleimide S-glutathione and dinitrophenol glutathione, while E 2 17βG appears a poor MRP6 substrate (181, 183) . Effective inhibitors of MRP1 and MRP2, including indomethacin, probenecid, and benzbromarone, can block the MRP6-mediated transport (183) . MRP6 also exhibited low-level resistant activity to a variety of natural product anticancer drugs, such as etoposide, teniposide, doxorubicin, cisplatin, daunorubicin and dactinomycin (181) . These findings suggest that MRP6 may transport conjugated organic anions and probably confers resistance to anticancer drugs to a less effective extent than MRP1-3.
MRP7 (ABCC10) has the lowest amino acid sequence identity (33-36%) with other MRP family members (18) . Although MRP7 mRNA can be detected in most tissues, but the expression levels are usually very low (18) . MRP7 is able to transport E 2 17βG with a high K m (58 μM) (184) . This suggests that MRP7 may be a lipophilic anion transporter. In contrast, MRP7 did not transport other typical MRP substrates, such as cyclic nucleotides, MTX, or bile acids (184, 185) . Interestingly, MRP7 is as closely related to the SUR K i channel regulators, but the functional implication is yet to be determined.
MRP8 (ABCC11) has 40% amino acids identity with MRP5, and has been characterized as an amphipathic anion transporter. MRP8 is mainly present in normal breast and testis, while little is present in liver, brain, and placenta (19) . With the ability to efflux cAMP and cGMP, MRP8 confers resistance to purine and pyrimidine nucleotide derivatives, including anticancer fluoropyrimidines, and several antiviral agents. Similar to the case for other MRPs that possess only two membrane spanning domains (MRP4 and MRP5), MRP8 is a cyclic nucleotide efflux pump that is able to confer resistance to nucleoside-based agents, such as PMEA and 5-FU (186) . In contrast, little resistance is found for some natural product anticancer drugs (187) . Recently, MRP8 is found to transport a variety of physiological and synthetic lipophilic anions, including the LTC 4 , steroid sulfates such as dehydroepiandrosterone (DHEAS) and estrone 3-sulfate, E 2 17βG, leukotriene C 4 and dinitrophenyl-Sglutathione, the monoanionic bile acids glycocholate and taurocholate, and MTX (188) (189) (190) (191) .
Both MRP8 and MRP9 genes are identified using a functional genomic approach and bioinformatics tools. Both MRP8 and MRP9 (ABCC12) have the highest degree of similarity with MRP5. One major difference between MRP8 and MRP9 is that MRP9 has only one ATP-binding domain but two transmembrane domains each with four membrane-spanning regions. The MRP9 gene is unusual because it encodes two transcripts of different sizes (192) . The larger 4.5-kb RNA is found in breast cancer, normal breast, and testis and encodes an MRP-like protein that lacks transmembrane domains 3, 4, 11, and 12 and the second nucleotide-binding domain. The smaller 1.3-kb RNA is detected in brain, skeletal muscle, and ovary and seems to encode the second nucleotide-binding domain. There is a lack of information on the substrate specificity of MRP9. It is speculated that MRP9 may have a different function from other family members. Because both MRP8 and MRP9 are membrane proteins with very restricted expression in essential tissues (21) , they may represent potential molecular targets for targeted therapy with antibodies, antibody conjugates, and immunotoxins.
Various MRPs show considerable differences in their tissue distribution, substrate specificities, and proposed physiological and pharmacological functions. The tissue distribution, substrates and inhibitors of MRPs are listed in Table 1 . MRPs are capable of transporting a structurally diverse array of endo-and xenobiotics including many therapeutic drugs and their metabolites across cell membranes. They play an important role in the absorption, disposition and elimination of many therapeutic agents in the body.
Induction of MRPs
Regulation of ABC transporter gene expression involves participation of numerous nuclear receptors (193) (194) (195) . Nuclear receptors constitute a family of transcription factors that act as heterodimers, which bind to promoter elements and induce gene expression. Transporter genes are regulated at several levels, including membrane retrieval and reinsertion, translation, and transcription. Nuclear receptors relevant for the expression of ABC transporters are liver X receptor (LXR), farnesoid receptor (FXR), pregnane X receptor (PXR), and peroxisome proliferator-activated receptors α and γ (PPARα and PPARγ) (4). The induction of CYP3A4 and CYP2B6 genes by numerous xenobiotics is well known to be mediated through activation of PXR (196) . PXR is activated by a diverse number of compounds, including rifampicin, phenobarbital, and mifepristone in humans. PXR mediates the expression of rodent Oatp1a4 (194) , Oatp2 (197, 198) , human MDR1 (199) , mouse MRP1 (200), Mrp2 (200) and Mrp3 (201) . Furthermore, CAR activation induces Mrp2-7 mRNA in mouse liver (202) and is involved in the regulation of Mrp4 and sulfotransferase 2A1 (173) . The PPARα agonist clofibrate induces gene and protein expression of Mrp3 and Mrp4 efflux transporters in a PPARα-dependent manner while having little effect on mRNA expression of Ntcp, Oatp1a1, Oatp1a4, and Oatp1b2 uptake transporters in mouse liver (203) .
In primary cultures of human hepatocytes, MRP1
was increased by rifampin (204) . In mouse liver, carbon tetrachloride induced Mrp1 (205) . MRP1 is up-regulated when exposed to rifampin (206, 207) or mitoxantrone in tumor cells (208) . The expression of MRP1 in human colorectal cancer cell lines was induced by sulindac (209) . The promoter regions of the human MRP2 and the rat Mrp2 gene contain a number of putative consensus binding sites for AP1, SP1, HNF1, and HNF3β (210) . (202) . Induction of rat Mrp2 has been observed with numerous chemicals, such as pregnenolone-16α-carbonitrile, spironolactone, and dexamethasone (all PXR ligands), phenobarbital (CAR ligand), and oltipraz (Nrf2 activator) (211, 212) . Similar induction of Mrp2 with indole-3-carbinol and β-naphthoflavone, both AhR ligands, has also been observed in rat liver (213) . Ligands for FXR, PXR, and CAR all induced Mrp2 mRNA in primary cultures of rat hepatocytes and characterized a putative ER-8 at -401 to -376 of the rat Mrp2 promoter that bound the corresponding FXR/RXR, PXR/RXR, and CAR/ RXR heterodimers (214) . Treatment with the chemical carcinogen 2-acetylaminofluorene, cisplatin, and the protein-synthesis inhibitor cycloheximide increased expression of Mrp2 in rat liver (215) . trans-Stilbene oxide also induced rat Mrp2 expression via CARindependent manner (216) .
The inducibility of Mrp2 gene expression in primate liver was investigated in rhesus monkeys treated with tamoxifen or rifampin (217) . Both tamoxifen and rifampin strongly induced Mrp2 mRNA in two male and two female rhesus; tamoxifen induced Mrp2 protein in both male and female rhesus, whereas rifampin showed some inducing effect in a female but was inactive in a male monkey. Carotenoids and retinol also induced MRP2 through PXR activation (218) . Human MRP2 is similarly up-regulated by the PXR activators rifampicin and tamoxifen, which differ from known rodent ligands for PXR (219) . Similarly, MRP2 is induced by phenobarbital (220) and by tert-butyl hydroquinone in HepG2 cells (200) (221) . In another clinical study, rifampin treatment of normal human subjects increased MRP2 mRNA and protein in the duodenum (222) . Additionally, induction of chronic renal failure in rats increased Mrp2 mRNA and protein levels in both the kidney and the liver (223) . This may represent a compensatory mechanism during renal failure, although the human response has not yet been documented. The expression of MRP3 in rat and human liver is low under normal conditions but is induced during cholestasis and in the absence of MRP2 or bile salt export pump (BSEP) (172, 224) . Bile acids, in particular lithocholic acid, have been demonstrated to activate PXR likely as a mechanism to control their production and metabolism to prevent their accumulation to toxic levels (225) . In rats, mice, and humans, Mrp3 has been shown to be regulated by phenobarbital, diallyl sulfide, and polychlorinated biphenyl 99 (226) , compounds that induce Cyp2B1/2 and are known or hypothesized CAR activators. trans-Stilbene oxide also induced rat Mrp3 expression via CAR-independent manner (216) . Similar to Mrp2, Mrp3 is highly up-regulated by oltipraz (202) , suggesting that Nrf2 might be an important transcription factor that regulates Mrp3 (226) . In humans, induction by β-naphthoflavone and rifampicin suggests that MRP3 might be regulated via AhR or PXR, respectively (220) . Using a large collection of human liver tissues, it was found that omeprazole was an inducer of MRP3 expression, probably through a AhR-dependent pathway (227) . This effect could be reproduced with HepG2 hepatoma cells, which showed a concentration-dependent induction of MRP3 expression by omeprazole. Overall, Mrp3 seems to be regulated similarly in rats, mice, and humans, with potential transcriptional regulation by AhR, PXR, CAR, PPARα, and Nrf2.
The CAR activator 1,4-bis[2-(3,5-dichloropyridyloxy)]benzene and Nrf2 activators (butylated hydroxyanisole, oltipraz, and ethoxyquin) induced Mrp4 in mouse liver (202) , indicating potential roles for CAR and Nrf2 in the regulation of mouse Mrp4. In rats, Mrp4 is induced in liver by the Nrf2 activators oltipraz, and ethoxyquin (228) . trans-Stilbene oxide also induced rat Mrp4 expression via CAR-independent manner (216) . Little data exists on induction of MRP4 in humans. However, studies in CAR-null mice have definitively shown that induction of Mrp4 by 1,4-bis[2-(3,5-dichloropyridyloxy)]benzene and phenobarbital is via CAR (173) . Taken together, the most likely means of induction of Mrp4 is by transcriptional activation by CAR and Nrf2.
Few chemicals have been observed to modulate expression of MRP6 in rats or humans. However, AhR, CAR, and Nrf2 activators induced expression of Mrp6 in mouse liver (202) . A recent study found that the expression of this gene in cells of hepatic origin is significantly upregulated by retinoids, acting as agonists of the retinoid X receptor (RXR) rather than the retinoid A receptor (RAR) (229) .
One of the patterns of Mrp expression of note is that AhR and Nrf2 activators often induce the same transporter (i.e., Mrp2, 3, 5, and 6). Several genes known to be regulated by Nrf2 are also regulated in a similar manner compared with these Mrps. Rat UDPglucuronosyltransferase 1A6 is induced by oltipraz, a classical Nrf2 activator, and oltipraz induction of UDP-glucuronosyltransferase 1A6 is dependent on the binding of AhR to the xenobiotic response element (230) . Furthermore, one of the known target genes of Nrf2 activation, Nqo1, can be induced by the classical AhR ligand 2,3,7,8-tetrachlorodibenzo-p-dioxin, and that induction was Nrf2-dependent (231) . Although the mechanism of this cross-activation is not well defined, MRPs may share a similar pattern of inducibility to the phase I and II enzymes known to be regulated by these two receptors. Thus, it is unclear whether the induction of MRPs by some of the microsomal enzyme inducers is mediated through direct mechanisms (transcription factor binding to its cognate response element) or indirect mechanisms that involve some sort of "cross talk" (activation of multiple receptors by a chemical and/or transcriptional up-regulation of another gene or transcription factor that acts on the gene of interest.
MRPs and intestinal absorption of drugs
Many orally administered drugs must overcome several barriers before reaching their target site (232). The first major obstacle to cross is the intestinal epithelium. MRP2 and MRP4, together with PgP/MDR1 (ABCB1) and BCRP/MXR (ABCG2), have been shown to localize at the apical/lumenal membrane of enterocytes, and thus are thought to form a barrier to intestinal absorption of substrate drugs (Figure 3) (232) . Their expression level varies between different segments of the intestine. In general, BCRP/MXR (ABCG2), MRP2 (ABCC2) and PgP/MDR1 (ABCB1) are expressed at high level in the small intestine (232) , considered by many in the field as the rate limiting barrier to oral drug absorption.
Regarding their role in limiting intestinal absorption, MDR1 is the most thoroughly characterized and well accepted. Although the expression levels of both the MRP2 and MXR are higher in the small intestine than the expression of MDR1, there are much fewer data available on their role in drug absorption (232) . MRP2 has been shown to limit absorption of a phenylimidazo [4,5-b] pyridine (PhIP) derivative, a foodderived carcinogen, and MXR has been shown to limit absorption of topotecan.
MRPs and biliary excretion of drugs
Hepatic transporters are involved in the regulation of bile formation and disposition of xenobiotics. The hepatocyte has a polarized plasma membrane with basolateral and apical domains, enabling vectorial movement of endogenous and exogenous compounds from blood into bile. Drugs that reach the blood are then passed to the liver, where they are metabolized and subject to biliary excretion, often by MRPs and other important ABC transporters (Figure 4) (4,232,233 ). Canalicular secretion of bile components represents the rate-limiting step in bile formation. Bile acids, glutathione conjugates, and xenobiotics are removed from hepatocytes and concentrated into the bile by canalicular efflux transporters in an ATP-dependent manner.
Four MRP transporters (MRP2, 3, 4, and 6) are expressed to an appreciable extent in liver. In liver, MRP2 is the only MRP localized to the canalicular membrane and participates in excretion of chemicals into bile. Alternatively, MRP3 and MRP4 are localized to the basolateral membrane and efflux chemicals from hepatocytes into blood. MRP6 is thought to be localized to the basolateral membrane as well, but a high-affinity substrate for this transporter has not been identified. The MRPs play an important role in the hepatic elimination of metabolites, and modulation of MRP expression in liver can alter drug disposition.
Both organic cations and anions are taken up into the hepatocyte by groups of transport proteins (OCTs and OATPs respectively) with overlapping specificity. None of the known OATPs import unconjugated bilirubin. Organic anions (including bilirubin and glutathione) are transported across the hepatocyte into bile, usually after being modified by covalent conjugation in the microsomes. These conjugates are secreted into bile by MRP2. After uptake, some compounds may reflux back into the plasma, either by passive diffusion, by MRPs and export by the newly discovered, dimeric organic solute tranporter (OSTα,β) (234); these are expressed at the basolateral membrane of the hepatocyte and show considerable overlap of substrate specificity. MRP1 exports both unconjugated and conjugated bilirubins, whereas MRP3 and 4, and OSTα,β best Human NTCP (Na + -taurocholate co-transporting polypeptide) is a Na + -dependent taurocholate uptake transporter located on the basolateral (sinusoidal) membrane of hepatocytes. NTCP mediates the Na + -coupled uptake of bile salts from the space of Disse. The conjugated bile salts are then secreted into bile by the canalicular bile salt export pump (BSEP). Phosphatidylcholine (lecithin) is transported to the outer leafl et of the canalicular membrane by the phospholipid fl ippase, MDR3, from where it is stripped into bile by secreted bile salts. Uptake of organic cations is mediated by a family of organic cation transporters (OCTs). Uptake or organic anions is mediated by families of organic anion transporting polypeptides (OATPs) and organic anion transporters (OATs). Human OATPs, located on the basolateral membrane of hepatocytes, are responsible for the uptake of bile salts, organic anions, hormones, cholates along with their metabolites and conjugates. After conjugation, the organic anions, as well as glutathione, are then secreted into bile by MRP2. A wide variety of amphipathic compounds (including many drugs and organic cations) are exported from the hepatocytes into bile by apical MDR1. export conjugated bile salts (234) . All of them have low expression in the normal liver, but are upregulated in cholestasis (233, 235) .
Some MRPs (e.g. MRP2) play a critical role in the hepatic excretion of drugs and their metabolites (233) . Decreased MRP function can thus impair hepatic capacity to excrete drugs and their metabolites. For example, altered MRP2 function can change the clearance of many clinically important drugs, including cancer chemotherapeutics (irinotecan, methotrexate, and vinblastine), antibiotics (ampicillin, ceftriaxone, and rifampin), antihyperlipidemics, and angiotensinconverting enzyme inhibitors, as well as many toxins and their conjugates (236) .
MRP3-6 facilitate the efflux of non-membranepermeable molecules out of the hepatic cells. Human NTCP (Na + -taurocholate co-transporting polypeptide) is a Na + -dependent taurocholate uptake transporter located on the basolateral (sinusoidal) membrane of hepatocytes. The conjugated bile salts are then secreted into bile by the canalicular bile salt export pump (BSEP/ABCB11) (233) . Phosphatidylcholine (lecithin) is transported to the outer leaflet of the canalicular membrane by the phospholipid flippase (237), MDR3, from where it is stripped into bile by secreted bile salts (238) . Uptake of organic cations is mediated by a family of organic cation transporters (OCTs). Uptake or organic anions is mediated by families of organic anion transporting polypeptides (OATPs) and organic anion transporters (OATs) (233, 235) . Human OATPs, located on the basolateral membrane of hepatocytes, are responsible for the uptake of bile salts, organic anions, hormones, cholates along with their metabolites and conjugates (235) . After conjugation, the organic anions, as well as glutathione, are then secreted into bile by MRP2. A wide variety of amphipathic compounds (including many drugs and organic cations) are exported from the hepatocytes into bile by apical MDR1 (239) . With regard to the transporters involved in biliary excretion, it is known that PgP (MDR1/ABCB1), MRP2 (ABCC2), the bile salt export protein (BSEP/ABCB11), and BCRP/ ABCG2 are predominantly expressed on canalicular membrane (232).
MRPs and renal drug excretion
PgP/MDR1 (ABCB1), MRP2 (ABCC2), MRP4 (ABCC4) primarily localize to the apical (luminal) membrane of renal epithelial cells, while MRP1 (ABCC1) and MRP6 have been shown to be expressed on the basolateral membrane ( Figure 5 ) (104, (240) (241) (242) (243) . Substrates of MRP2 and MRP4 have been shown to have altered renal clearance in animals lacking transporter function (241) . These transporters export compounds from the cytoplasm of renal tubular cells to the urine, therefore, substrates of these transporters are expected to have higher renal elimination than it is expected by glomerular filtration. Tenofovir, an anti-HIV agent, is actively excreted from the proximal tubule cells by MRP2 and MRP4 (244) . Further studies are needed to understand the detailed role of these transporters in pharamacokinetics.
Additionally, members of the OATP, OCT (OCT1-3) and OAT (OAT1, 3, 4) transporter families have been identified in the basolateral membrane of proximal tubule cells (241, (245) (246) (247) . OAT3 has shown to be responsible for the renal elimination of pravastatin (248) . Substrates of OCTs have been shown to have greatly reduced renal clearance and increased plasma concentration in mice lacking OCT1 and OCT2 (249) . On the other hand, the two peptide transporters PEPT1 and PEPT2 are present on the luminal membrane of proximal tubule cells and were shown to be responsible for the tubular re-absorption of peptide-like drugs such as β-lactam antibiotics across the brush-border membranes (250) . The reabsorbtion process results in lower renal clearance than it is expected by glomerular filtration. Furthermore, the uptake process might result in increased concentration of drugs in the cytoplasm of proximal tubular cells, leading to toxic effects in the kidney. The nephorotoxic effect of the antibiotic cephaloridine was linked to OAT3 function (251, 252) , while OCT2 was identified as the major determinant of the nephrotoxicity of the anti-cancer drug cisplatin (253) .
MRP2 inhibition by tenofovir may contribute to the known interaction between tenofovir and didanosine. Coadministration of these two antiretroviral drugs leads to an increase of the area under the didanosine concentration-time curve (AUC) by 44 to 60% (254) . This may occur through tenofovir-induced inhibition of the active uptake of didanosine into the proximal tubule cells by the human organic anion transporter 1 (255) or by inhibition of purine nucleoside phosphorylase, an enzyme involved in the degradation of didanosine (244, 256) . However, assuming that the MRP2 inhibitor didanosine is also an MRP2 substrate, the increase in didanosine AUC could also be achieved by inhibition of MRP2-mediated efflux in the tubular brush-border membrane or in other tissues. Inhibition of several MRP could also have contributed to the life-threatening toxicity (e.g. neutropenia) of the MRP substrate vinblastine in a patient with HIV-associated multicentric Castleman's disease who was maintained on lamivudine, abacavir, and nevirapine (257) . Another patient with HIV-associated Hodgkin's disease also experienced life-threatening neutropenia when treated with ABVD (doxorubicine, bleomycine, vinblastine, dacarbazine) chemotherapy and lopinavir-ritonavir based antiretroviral therapy (258) . Vinblastine and lopinavir-ritonavir interaction was managed with lopinavir-ritonavir interruption around chemotherapy administration, with complete remission and immunovirological success after six cycles.
MRPs and the blood-brain barrier (BBB)
The BBB is formed by the tight junctions that connect the brain endothelial cells, thus restricting the entry of compounds from the circulating blood to the brain via paracellular and transcellular routes (259) (260) (261) (262) (263) (264) . The BBB acts as an anatomical and transporter barrier notably due to the presence of tight junctions and a multitude of ABC transporters such as PgP, BCRP, and MRP1, 2, 4, and 5 ( Figure 6) (4,260,261,264-266 ). As such, the BBB contributes to brain homeostasis by protecting the brain from potentially harmful endogenous and exogenous substances (267) . It is well established that the PgP/ MDR1 (ABCB1) and BCRP/MXR(ABCG2) localized in the apical/luminal membrane of the brain capillary endothelial cells are a major barrier of brain penetration of drugs.
Functional studies have assigned a role for human MRP2 (ABCC2) in the blood-brain barrier. MRP1 (ABCC1) is also implicated in protecting the brain tissue against xenobiotics (e.g. somatostatin analogs). MRP1 is localized in the basolateral membrane of the choroid epithelial cells and prevents the penetration of drugs and toxicants into the cephalo-spinal fluid. Similarity between the localization of MRP2, MXR (BCRP) and MDR1 in the brain microvessel endothelial cells and in the enteral epithelial cells suggests that these transporters function together to serve as physiological barriers against xenobiotics at the intestinal brush-border membrane and at the blood-brain barrier. MRP4 and MRP5 have been located in the brain capillary endothelial cells forming the blood-brain barrier. MRP1, MRP4, and MRP5 are clearly localized to the luminal side of brain capillary endothelial cells.
Despite advances in brain research, central nervous system (CNS) disorders remain very difficult to treat because the majority of drugs do not cross the BBB. The BBB blocks delivery of more than 98% of CNS acting drugs (262, 268) . Successful brain penetration is a prerequisite for the design of chemical lead substances for CNS acting drugs. To restrict CNS adverse effects, brain penetration properties are also important for the development of non-CNS acting drugs. Therefore, for both drug classes their BBB penetration is useful to be tested in advance. PgP and other ABC transporters can limit the penetration of drugs into the brain and thus modulate effectiveness and central nervous system toxicity of numerous drugs (262, 269, 270) . The drug delivery challenge posed by the BBB is compelling, particularly as the population ages and the incidence of neurodegenerative diseases such as stroke, Alzheimer's disease, and Parkinson's disease increase in prevalence. Despite advances in brain research, central nervous system disorders remain very difficult to treat because the majority of drugs do not cross the BBB. The BBB limits the ability of many drugs to penetrate brain tissue by restricting paracellular and transcellular transport (262) . To circumvent the limited access of drugs into the brain, different approaches have been investigated, including drug delivery systems such as liposomes, nanoparticles, peptide-vector strategy, MDR1 modulators, modulators of endothelial tight junctions, or osmotic pressure modification (271) .
MRP alterations may also affect the distribution of their substrates, thus altering therapeutics or toxicology. For example, MRP4-deficient mice had enhanced accumulation of topotecan in brain tissue and cerebrospinal fluid (166) . On the other hand, modulation of MRPs in blood-brain barrier may facilitate the management of diseases of the central nervous system by enhancing penetration of drugs into the brain. Such MRP-based barrier may be circumvented by targeted site-specific drug delivery systems, such as immunoliposome and nanoparticulate systems (272) . Moreover, development of novel approaches for bypassing the impact of these drug transporters and for the design of effective drugs that are not substrates and the development of selective and potent inhibitors for the MRP transporters becomes a high imperative for the pharmaceutical industry (269) . MRPs enhanced the ability of tumor cells to efflux chemotherapy drugs out of cells to reduce the cellular drug concentration leading to resistance to anticancer drugs. Increased expression of these drug transporters in tumor cells is associated with resistance to a number of important chemotherapeutic agents. With the accumulation of information on drug resistance profile and physiological function of MRP family, the relationship between drug selectivity and specific transporter level will be more and more significant and helpful in clinical cancer treatment and development of novel anticancer agents.
MRPs can be regulated at the level of transcription, translation and post-translation. Like PgP, MRPs are also subject to induction and inhibition by a number of compounds. Not surprisingly, the induction and inhibition of MRPs by various agents are of pharmacokinetic and pharmacodynamic importance. The identification of induces and inhibitors for each MRP may also allow the prediction of potential drug-drug interactions.
MRPs and drug toxicity
MRPs can efflux the GSH conjugated xenobiotics and endobiotics from the intracellular compartment into extracellular medium. This can protect cells from the toxic effects of xenobiotics and endobiotics. Therefore, screening the substrates and inhibitors of MRPs could point out the physiological function for each member of MRPs. Also, this could give information on toxicity and efficacy of individual drug. Modulation of MRPs activity seems to be significant to find new mechanism of drugdrug interaction and optimize drug bioavailability.
In addition to playing an important role in drug excretion through the bile, MRPs serve as protective shields by preventing uptake or facilitating clearance of toxic substances in the liver. Anti-toxic effects of MRP1-3 have been studied in more details. MRP2 (ABCC2) is involved in hepato-biliary excretion of GSH conjugates of inorganic arsenic and its chemical derivatives. In addition, some food-derived carcinogens and pre-carcinogens and their glucuronide conjugates are also transported by MRP2 (ABCC2), MRP1 (ABCC1) and MRP3 (ABCC3) may also contribute to the toxicological defense function by eliminating a number of toxic agents and their conjugates from epithelial tissues. It has been observed, that MRP3 (ABCC3) expression is strongly upregulated in the liver of the MRP2 (ABCC2) deficient patients and animals implying that basolateral MRP1 and MRP3-mediated efflux of toxicants may become of pivotal importance when administering MRP2-interacting drugs. ABC pumps play important function in the homeostasis of their own endogenous substrates. At pharmacological blockade of the transport, endogenous substrates may cause toxicity and adverse effects. MRP2 (ABCC2), which transports sulfated bile salts as well as bilirubin conjugates, and MDR3 (ABCB4), the phosphatidyl choline flippase, in particular carry important functions, therefore full or partial blockade of these proteins may evoke toxicity and adverse effects.
Pharmacogenetics of MRPs
In vitro site-directed mutagenesis studies indicate that mutants of MRPs may exhibit an altered substrate specificity, plasma membrane trafficking, ATP binding and transport activity (12, (273) (274) (275) (273) . In addition, the mutation N597A near transmembrane helix increased and decreased resistance to vincristine and VP-16, respectively, while S605A decreased resistance to vincristine, VP-16 and doxorubicin and S604A selectively increased E 2 17βG transport (274) .
A number of mutations in MRP1 have been found in different ethnic populations (Table 2 ), but these are not associated with any known genetic diseases. Nevertheless, some of these MRP1 mutations may be associated with altered drug disposition. Substitution of Arg 433 with Ser predicted to be close to TM8 of MRP1 caused by the low frequency G1299T polymorphism in exon 10 leads to a substrate selective change in organic anion transport activity and drug resistance using MRP1-expressing HeLa cells (276) or human leukemia CEM-7A cells (277) . The 128C MRP1 polymorphism in exon 2 resulting in Cys43Ser substitution disrupted plasma membrane trafficking and reduced resistance to doxorubicin, vincristine and arsenite in HeLa cells expressing this MRP1 mutant while the transport of conjugated organic anion remained comparable to wild type MRP1 (278, 279) . Further studies are needed to explore the pharmacological role of MRP1 polymorphism in humans.
Spontaneous mutant strains of hyperbilirubinemic rat, the Groningen yellow/transport deficient Wistar rat and the Eisai hyperbilirubinemic Sprague-Dawley rat are deficient in biliary excretion of bilirubin glucuronides and glucuronide and glutathione conjugates of xenobiotics due to mutations of Mrp2 gene (280) (281) (282) . Such mutations in the Mrp2 gene cause premature termination codons. Cloning of mrp2 has made possible an understanding of its structure-function relationships, localization and regulation of expression, and characterization of the defect in patients with the Dubin-Johnson Syndrome (DJS). Mutations of MRP2 are responsible for DJS, which is characterized with impairment of hepatobiliary elimination of organic anions such as conjugated hyperbilirubinaemia, increased urinary coproporphyrin I fraction (> 80%), and deposition of melanin-like pigment in the liver (105, 282, 283) . Patients with DJS may also have a decreased biliary clearance of bromosulfophthalein and some degree of jaundice (105) . The absence of functional MRP2 is the molecular basis of transport defect of DJS (283) . Many single nucleotide polymorphisms in DJS patients have been reported (Table 2) (118, (284) (285) (286) (287) (288) . These include C-24T (promoter), G1249A (exon 10), G2026C (exon 16), T2125C (exon 17), C2302T (exon 18), C2366 (exon 18), A3517T (exon 25), G3449 (exon 25), C3972T (exon 28) and G4348A (Exon 31) ( Table 2 ). Many of these mutations are localized to NBD1 or NBD2. For instance, G4348A may affect MRP2 function because it is located in the Walker C motif within the carboxyl terminal NBD region of MRP2 (118) . S789F and A1450T which are less frequently than V417I substitution may be more relevant to the in vivo function of MRP2 than V417I (286) . Homozygous mutations lead to classic DubinJohnson syndrome, whereas heterozygous mutants have moderately elevated urinary coproporphyrin 1 fraction (~40%) with normal total and direct bilirubin (105) . Unlike other mutations, R1150H mutants of the MRP2 protein mature and are properly localized, but transport activity is impaired (288 G128C  C218T  G1299T  G2012T  G2168A  G3173A   C-24T  G1249A  G2026C  T2125C  C2302T  C2366T  A3517T  G3449A  C3972T  G4348A   G39GC  C202T  C1037T  C1537A  G3890A L63L  W64R  T364R  Q378X  R518X  R518Q  R1141X  R1138Q  T1130M  R1114C  M1127T  R1275X  P1346S  E1400K G189G (290) have reported the MRP3 gene polymorphisms in 103 Caucasians. A total of 51 mutations were identified and 15 SNPs were located in the coding exons of MRP3, six of which are nonsynonymous mutations. The SNPs G39GC (allele frequency = 0.5%, in exon 1), C202T (1.6%, exon 2), C1037T (0.5%, exon 9), C1537A (0.5%, exon 12), G3890A (5.2%, exon 27) and G4267A (0.6%, exon 29) led to Lys13Asn, His68Tyr, Ser346Phe, Gln513Lys, Arg1297His and Gly1423Arg amino acid substitutions, respectively ( Table 2) . A splice site mutation (G1339-1T) was found at the intron 10-exon 11 boundary. There was a significant correlation of C-211T with MRP3 mRNA expression, with individuals homozygous and heterozygous for the C-211T promoter polymorphism having significantly lower MRP3 transcript levels compared to wild-type individuals.
Pseudoxanthoma elasticum (PXE) is an autosomally inherited disorder characterized by accumulation of mineralized and fragmented elastic fibers in the skin, Bruch's membrane in the retina, and vessel walls with abnormalities of collagen and matrix constituents in the soft connective tissues (291) (292) (293) . The ophthalmic and dermatologic expression of PXE and its vascular complications are heterogeneous, with considerable variation in phenotype, progression, and mode of inheritance. Clinical manifestations mainly include coalesced papules and laxity in the flexural areas of skin, retinal angioid streaks and recurrent hemorrhage and vessel alterations similar to those in atherosclerosis (294) . Lower expression of MRP6 was found in tissues affected by PXE, including skin, retina, and vessel walls. PXE is considered to be caused by mutations in MRP6. Small peptides transported by MRP6 in humans may be essential for extracellular matrix deposition or turnover of connective tissue at specific sites in the body.
Mutant alleles of MRP6 occurred in homozygous, compound heterozygous and heterozygous forms. The great majority of mutations were located from exon 24 to 30, with exon 24 being the most affected (295) (296) (297) (298) . Among the others, exons 2, 9, and 12 were particularly involved (295, 299) . Almost all mutations were located in the intracellular site of MRP6.
A physiological function has only been established for MRP8, for which a single nucleotide polymorphism determines wet vs dry earwax type (189) . However, the constituent of earwax that is susceptible to transport by MRP8 has not been identified. The functional characteristics and its genetic mutations of MRP9 are currently unknown.
Since MRPs are able to transport a wide range of drugs with various structures, the analysis of polymorphisms of these drug transporters may provide a potent tool for improving the risk assessment, prevention, early diagnosis and treatment of diseases. Naturally occurring mutations in MRP/ABCC-related drug transporters have been reported, some of which are non-synonymous single nucleotide polymorphisms (275) . The consequences of the resulting amino acid changes can sometimes be predicted from in vitro site-directed mutagenesis studies or from knowledge of mutations of analogous (conserved) residues in ABCC proteins that cause DJS, PXE (ABCC6), cystic fibrosis (CFTR/ABCC7) or persistent hyperinsulinemic hypoglycemia of infancy (SUR1/ABCC8) (275) . Polymorphisms of MRPs could be recognized as an important source of interindividual variability of pharmacokinetics and pharmacodynamics of many drugs. Also, this could help to establish a more powerful patient orientated drug therapy against severe adverse effects and for better therapeutic outcome. Eventually, this may provide a powerful tool for drug development, particularly for those with a narrow therapeutic window, such as anticancer drugs.
MRPs as potential therapeutic targets in multidrug resistance
PgP-mediated or classic multidrug resistance (MDR), which was identified in the 1970s, is a well-characterized experimental phenomenon. Classic MDR is characterized by: a) cross-resistance between a series of chemically unrelated drugs, b) decreased drug accumulation in cancer cells, c) increased expression of PgP, and d) reversal of the phenotype by a variety of different compounds (300) . The drugs most often involved in PgP-mediated MDR are of fungal or plant origin, including the anthracyclines (e.g. primarily daunorubicin and doxorubicin) and vinca alkaloids. Apart from drugs within these groups, a number of other, nonrelated compounds are able to induce PgP-mediated MDR (e.g., epipodophyllotoxins, actinomycin D, colchicine, the taxanes, and the anthracenedione derivatives (300). All these drugs are hydrophobic, and most are weak bases.
MRP members play an important role in cancer chemotherapy. The differences in substrate selectivity, organ distribution, and membrane localization of these pumps play major function in related cancer drug transports. The knowledge about the mechanism of drug resistance may be useful in predicting the human response of chemotherapy. The overlapping substrates range of MRPs may have significant contributions for the clinical use of modulators aimed to block the resistant activity of pumps and increase the intracellular drug levels.
Most compounds that efficiently block PgP have only low affinity for MRP1, MRP2 and other MRPs. Despite that there are only a few effective and specific MRP inhibitors available, drug targeting of these transporters may play a role in cancer chemotherapy and in the pharmacokinetics of substrate drugs (301) . The perfect reversing agent is efficient, lacks unrelated pharmacological effects, shows no pharmacokinetic interactions with other drugs, tackles specific mechanisms of resistance with high potency and is readily administered to patients. Selective downregulation of resistance genes in cancer cells by antisense or interfering RNA is an emerging approach in therapeutics. Because there is sufficient evidence to implicate several MRPs as negative prognostic markers during cancer chemotherapy, the pharmacological reversal of MRP1 function becomes a possible approach for overcoming tumor resistance. Disulfiram, a drug approved for use in treating alcoholism, reverses either MDR1-or MRP1-mediated efflux of fluorescent drug substrates via inhibiting ATP hydrolysis and the binding of [α-32 P]8-azidoATP to P-glycoprotein and MRP1 (302) . Design of novel anticancer agents that evade transporter-mediated efflux is a potential approach to avoid multidrug resistance. Epothilones are novel microtubule-targeting agents with a paclitaxel-like mechanism of action that are not recognized by PgP, providing proof of the concept that new classes of anticancer agents that do not interact with the multidrug transporters can be developed to improve response to therapy. As most anticancer agents subject to efflux are currently irreplaceable in chemotherapy regimens, an attractive solution would be to chemically modify their susceptibility to being transported while retaining antineoplastic activity. Although such modifications frequently decrease the bioavailability or efficacy of drugs, some novel agents have been developed using this approach (303) . The intracellular concentration of drugs can also be elevated by increasing the rate of influx by improving the formulation. Encapsulation of doxorubicin in polyethylene glycol-coated liposomes might be safer and occasionally more effective than conventional doxorubicin (304) . Overexpression of ABC transporters, particularly PgP, BCRP and MRPs, has consistently been implicated as a cause for MDR both in vitro and in vivo.
New and effective strategies are needed to engage, evade or exploit these transporters to improve cancer therapy.
Conclusions and future directions
MRPs which belong to the ABC transporter family are able to transport a remarkable array of diverse endoand xenobiotics and their metabolites. MRP1, MRP2 and MRP3 are lipophilic anion transporters with similar substrate ranges and confer resistance to some natural compounds and methotrexate. MRP4, MRP5, and MRP8 are cyclic nucleotide transporters. Each member of MRP family has its own specified substrates. Notably, the 190 kDa MRP and PgP only have 15% the same amino acid and differ greatly in many aspects. Substrates for PgP are mainly neutral or mildly positive lipophilic compounds, while MRP is able to pump conjugated organic anions and neutral organic compounds.
Differences in substrate range, subcellular localization, expression profiles and kinetic parameters of transport dictate distinct physiological functions for MRPs (4) . For example, MRP1 is distinguished from MRP2 and MRP3 by its higher affinity for LTC 4 , a feature that is reflected in the specific role that MRP1 plays in mediating immune responses involving cellular export of this cystinyl leukotriene (41) . By contrast with MRP1, MRP2 is primarily expressed at canalicular (apical) surfaces of hepatocytes where it functions in the extrusion of endogenous organic anions such as bilirubin glucuronide and certain anticancer agents and in the provision of the biliary fluid constituent glutathione. In addition to the transport of glutathione and glucuronate conjugates, MRP3 has the additional capability of mediating the transport of monoanionic bile acids. The latter feature, in combination with its induction at basolateral surfaces of hepatocytes and cholangiocytes under cholestatic conditions, support the notion that it functions as a compensatory backup mechanism to eliminate from these cells potentially toxic compounds that are ordinarily excreted into the bile. With regard to drug-resistance capabilities, MRP1, MRP2, and MRP3 are able to confer cellular resistance to natural product agents to varying extents, and all three pumps are potent methotrexate resistance factors (9) . Recent investigations of MRP4 and MRP5 indicate that they have the facility for mediating the transport of cyclic nucleotides, a property that has implicated the two pumps in the regulation of intracellular levels of these second messengers as well as in the cellular extrusion of cAMP involved in intercellular signalling (4) . In accord with their capacity to transport cyclic nucleotides, MRP4 and MRP5 have the facility for conferring resistance to certain antiviral and anticancer nucleotide analogs but do not seem to be capable of effluxing natural product agents (9) . MRP6, whose hereditary deficiency results in PXE, a disease that affects elastic tissues in the skin, eyes, and cardiovascular system, has recently been determined to be competent in the transport of glutathione conjugates and the cyclic pentapeptide BQ123 (182) . MRP7 was able to catalyze the MgATP-energized transport of the glucuronide E 2 17βG. By comparison with E 2 17βG, only modest transport was observed for LTC 4 , and transport of a range of other compounds that are established substrates of other MRP family members was not detected to any extent (184) . Further studies are needed to elucidate the clinical, pharmacological and toxicological relevance of all these MRPs.
Interindividual differences of drug response are an important cause of treatment failures and adverse drug reactions. The identification of polymorphisms explaining distinct phenotypes of drug metabolizing enzymes contributed in part to the understanding of individual variations of drug plasma levels. However, bioavailability also depends on a major extent from the expression and activity of drug transport across cellular membranes. In particular, the ABC family such as PgP/ABCB1, MRPs and BCRP/ABCG2 have been identified as major determinants of chemoresistance in tumor cells. They are expressed in the apical membranes of many barrier tissues such as the intestine, liver, bloodbrain barrier, kidney, placenta, testis and in lymphocytes, thus contributing to plasma, liquor, but also intracellular drug disposition (305) . Since expression and function exhibit a broad variability, it was hypothesized that hereditary variances in the genes of ABC transporters could explain at least in part interindividual differences of pharmacokinetics and clinical outcome of a variety of drugs (275, 305) . The pharmacogenetic studies on MRPs including the single nucleotide polymorphism may provide powerful tools for drug development. Studies on the functions of MRPs may give more information on drug toxicity and drug-drug interaction. Continual updating of databases of sequence variants and haplotype analysis, together with in vitro biochemical validation assays and pharmacological studies in knockout animals, should make it possible to determine how genetic variation in the MRP-related transporters contributes to the range of responses to drugs and chemicals observed in different human populations. However, the mechanisms of MRPs activity and the substrates of some members of MRP family are unclear. In the future, we need to do more molecular, proteomic and genetic studies on MRPs to identify the regulation mechanism for individual MRPs.
The ability of transport proteins including MDR1, BCRP and MRPs to reduce oral bioavailability and alter tissue distribution has obvious implications for drug design (306) . Indeed, the identification of transporters that influence the disposition and safety of drugs has become a new challenge for drug discovery programmes. It is essential to know, first, whether drugs can freely cross pharmacological barriers or whether their passage is restricted by ABC transporters; and, second, whether drugs can influence the passage of other compounds through the inhibition of ABC transporters. Consequently, the evaluation of transport susceptibility of drug candidates has become an important step in the development of novel therapeutics, and the pharmaceutical industry has adopted routine evaluation of PgP susceptibility in the drug discovery process. In the early stages of drug development, it is important to identify drugs as substrates, inducers, inhibitors, or modulators for MRPs, as this may help to avoid drug toxicity, drug resistance and drug-drug interactions and to optimize cancer chemotherapy. The identification always involves the application of proper models and probes, such as in vitro (e.g. purified MRP protein or MRP-overexpressing cells) and in vivo models.
